A voltage source converter is used as a front end converter typically. In this paper, a converter which is realized using SiC MOSFET is considered. Due to SiC MOSFET, a switching frequency more than 50 kHz can be achieved. This can help increasing the current control loop bandwidth, which is not possible with the Si based converter switching with 10 -20 kHz. Due to increased current controller bandwidth, it is possible to control the negative sequence current without a separate negative sequence current controller. This paper presents a new feedforward controller for the negative-sequence current together with a positive-sequence current controller for the front-end rectifier. A gain in the feedforward term can be changed to control the negative-sequence current. Simulation results are presented to verify the theory.
Introduction
A front-end converter is required for sinusoidal input current at unity power factor and realized by a voltage source converter. Typically, the converter is realized using Si based semiconductor devices. However, novel power devices based on wide-bandgap (WBG) semiconductors have become commercially available recently. Using these devices, it is possible to increase the voltage blocking capability of the majority carrier devices which can switch faster [1] , [2] . In addition, these devices can operate with higher junction temperature compared to Si devices [1] , [2] . Due to this, the weight and volume of the power converter can be reduced.
The Si based converters switch with 10-30 kHz switching frequency. Therefore, the filter required at the input is typically LCL filter [3] . However, a SiC based converter can switch with 50-500 kHz. Such increase in the switching frequency enables the use of smaller choke inductor. So 1% inductive filter can provide sufficient filtering of the input current. This changes the system parameter and the crossover frequency of the plant transfer function which need to be controlled. To achieve unity power factor, several control algorithms are proposed. Typically, a synchronous dqreference frame based controller is used [4] . This controller requires a dc value of the reference and the feedback current. However, the feedback current may have a 100 Hz component due to a negativesequence component of the grid power supply due to unbalance. Therefore, a low pass filter is required to get the dc value of the feedback current [5] . This low-pass filter causes slow dynamic performance of the current controller. In addition, a separate negative-sequence current controller is required to control negative-sequence component of the current. [5] - [6] .
These control algorithms are designed for Si based converters. But in the case of a SiC converter switching at 50-500 kHz, controller with high bandwidth can be implemented. This paper utilizes this advantage and proposes the use a feedforward term to control the negative-sequence component of current without compromising the dynamic behavior. A feedforward term uses a high-pass filter and a gain to control the negative-sequence current. It does not require any low-pass filter in the feedback path. Therefore, a high bandwidth current controller can be implemented.
The system description is presented in Section II. For the presented system, a control with feedforward is proposed in Section III. The feedforward term consist of a high-pass filter followed by a gain. The gain can be changed to control the negative-sequence current. The simulation results for two different value of gain is presented in Section IV. A hardware is being developed using SiC MOSFET based module. The experimental results are presented in Section V. The conclusion is presented in Section VI.
System description and model
A block schematics of a front-end converter is shown in Fig. 1 . A three-phase voltage source converter is connected to the grid using an inductive filter. In this paper, SiC based three-phase converter is considered. The resistance and the inductance of the inductor is represented by R f and L f , respectively. The dynamic equation of the inverter ac side currents in an arbitrary rotating dq-reference frame is given by The d-axis is in-phase with the grid voltage space vector. This means that the active power supplied by the grid is equal to the product of d-axis component of the grid voltage and current. Therefore, the daxis current reference should be controlled to control the power, and the q-axis current reference should be zero. The d-axis current reference is the output of the outer dc-link voltage control loop as shown in Fig. 2 . A slow outer control loop dynamics is required since the grid current consist of the negative-sequence current. The negative-sequence current drawn from the grid will cause low frequency oscillation in the dc-link capacitor. Therefore, the dc-link capacitance value should be chosen in a way that the low frequency oscillations should remain within specification.
The front-end converter is realized by SiC based MOSFET. The power rating of the front-end converter is 5 kW for a low voltage grid (400 V L-L ). Since the switching frequency of the converter is 50 kHz, the inductance of the choke can be chosen as 1 pu which is equal to 1 mH in this case. The resistance of the series path (R f ) is chosen as 0.5 Ω. The 1 pu inductor is not possible in case of a Si based converter. This enables the use of feedforward term described in the following section. 
Control with feedforward term
A typical control block diagram for the control of the d-axis current is shown in Fig. 2 
In Fig. 2 , if the gain of the SiC based converter gain is assumed to be one, the current control loop block diagram reduces to a block diagram as shown in Fig. 3 . Therefore, the input-to-output transfer function is given by
where ω c is the desired bandwidth of the control system. In this case, ω c is chosen as 5 kHz since a SiC based converter with switching frequency equal to 50 kHz is used. This is the major difference as compared to standard grid-connected converter. The standard Si based converter has switching frequency in the range of 10-30 kHz. Therefore, it is not possible to have ω c equal to 5 kHz. 
For dc value of v gd (ideal three-phase balanced grid voltage supply), the output i sd due to v gd will be zero since the dc gain of the PI controller infinite. However, in case of unbalance grid voltage supply, the output i sd due to v gd depends on the transfer function given by (4 To control the negative sequence component, a voltage feedforward term can be added in the current control loop. The feedforward term consist of a high-pass filter followed be a gain k, as shown in Fig.  4 . In Fig. 4 , if the gain of the SiC based converter gain is assumed to be 1, the block diagram reduces to a block diagram as shown in Fig. 5 . This do not change the dynamics of the input-to-output transfer function, but it changes the disturbance-to-output transfer function as given by and the 100 Hz component of the output i sd depends on value of gain k. For k = 1, the output i sd due to the 100 Hz component of v gd will be zero and the front-end converter will draw balanced three-phase current even in the presence of the negative-sequence component in the grid voltage supply. By changing the value of k, the negative-sequence component of the three-phase grid current can be controlled. This feature can be used to support the grid in case of unbalance. During unbalance, a phase voltage amplitude will be less than other phase. It is desired to draw high current from the phase which has high amplitude. Depending on the required negative sequence current, a proper value of the gain k can be selected. As an example, if the positive and the negative-sequence component of the grid currents are required to be equal, the gain k can be given by ( ) 
Simulation Results
The abovementioned system is simulated in MATLAB SIMULINK ® to prove the algorithm. 230 V three-phase grid voltage supply is used for the simulation. Reference currents for the d-and q-axis are 10 A and 0 A, respectively. The grid supply has 2% unbalance which can be seen as 100 Hz component in the d-and q-axis grid voltages. The value for the feedforward gain is selected as 1 (k = 1). The simulation results are shown in Fig. 6 . The results show that the grid current is balanced even in the presence of unbalance grid supply voltage. Under same grid conditions and the current reference settings, the value of k is changed to as given by (8). The simulation results are shown in Fig. 7 . In this case, the magnitude of the negative-sequence current is equal to the positive-sequence current. The phase which has high voltage magnitude is loaded more in this case. This way the unbalance in the system can be reduced.
Experimental Results
A hardware setup with SiC based inverter is developed. The converter is connected to a three-phase programmable power supply through 1 mH inductor. The converter is controlled as a rectifier which is supplied by a grid voltage with 2% unbalance. Reference currents for the d-and q-axis are 10 A and 0 A, respectively. The experiments are conducted under the condition of 2% unbalance in the grid.
The switching frequency of the converter is 50 kHz. The experimental results are shown in Fig. 8 . The grid supply voltage is shown in Fig. 8(a) . The grid currents are shown in Fig. 8(b) and (c) for k = 1 and 15. The phase which has maximum voltage amplitude draws the maximum current. This can help reducing the unbalance in the system. 
Conclusion
A SiC based front-end converter controller is proposed in this paper. A feedforward term is used in this paper to control the negative-sequence current from the grid. The feedforward term require one high pass filter and a gain. This implementation is very easy and can be incorporated in an existing controller. This control does not require any filter on the current feedback path. Therefore, the dynamic of the current control loop can be very fast. The current control loop has the bandwidth of 5 kHz since the converter switching frequency is 50 kHz. The feedforward term controls the negative sequence current in such a way that the phase with the maximum voltage value draws the maximum current. The simulation and experimental results validate the controller performance.
